The present paper addresses several connected issues that concern the mechanical properties of ultrafine grained martensitic steels. Recent research, particularly including EBSD studies, has clarified the complex microstructure of dislocated martensitic steels and shown the central importance of martensite blocks, which are subvolumes of laths that share a Bain variant of the parent austenite. The block-and-packet structure of the martensite appears well-designed to minimize the elastic energy introduced during the martensitic transformation. The martensite block is, ordinarily, the effective grain size for both strength and cleavage fracture. However, the role of the block in imparting strength is sensitive to carbon contamination of the block boundaries. To optimize strength carbon should be present; to minimize the ductile-brittle transition temperature it should be eliminated. When fine grain size produces high strength, it also causes low elongation. The elongation can be improved by including mechanisms, such as TRIP, that lower the initial work hardening rate.
Introduction
The following paper is based on a lecture by the author at the International Symposium on Ultrafine Grained Steel that was held in Kitakyushu in October of 2007. The talk was given at the end of the Symposium and was intended to draw on the accumulated wisdom of the presentations that had come before. For that reason the talk was a bit spotty, as this accompanying paper will be. There has been a substantial body of research on the subject of ultrafine grained steels in the last few years. That research has employed new processing techniques, particularly including controlled thermomechanical processes, to achieve ultrafine grain size and has used new observational tools, specifically including orientation imaging by electron backscatter techniques (EBSD), to characterize fine grained microstructures. The body of work is far too large to be effectively summarized in a single talk or a single paper. This paper will, therefore, be confined to a discussion of a few relevant subjects on which the author can claim some direct knowledge.
Specifically, this paper will discuss the nature and probable cause of the "block" microstructure of lath martensitic steel, its consequences for the strength and toughness of steels and possible modifications to increase ductility in the high strength limit.
The Microstructure of Lath Martensitic Steel
The basic microstructure of lath martensitic steel has been known for some forty years [1] [2] [3] (Fig. 1) . However, its details have been significantly clarified through recent research that used electron backscatter techniques (EBSD) to identify the orientation of elements within the fine structure of the martensite. Key features of the martensitic microstructure have also been found in bainitic and ferritic steels, which broadens the applicability of the results. The modern view of the lath martensite microstructure is presented, for example, in recent papers by Maki, Furuhara and co-workers. [3] [4] [5] [6] [7] [8] In the typical microstructure of dislocated martensite, martensite laths are oriented in a Kurjumov-Sachs (KS) relation in which they share a close-packed plane and closepacked direction with the parent austenite. If the crystal axes are chosen so that the parallel close-packed planes are (111) g ||(011) aЈ , then there are six possible choices for the shared close-packed directions, ͗110͘ g ||͗111͘ aЈ . Maki and coworkers 6) have enumerated these six variants and labeled them V1, . . . , V6, as listed in Table 1 .
Large prior austenite grains are divided into "packets" that are subdivided into "blocks" of martensite laths. When the blocks are small the laths are almost identical in their crystallography; they have the same KS variant. When the blocks are larger they are sometimes found to contain two interleaved KS variants in the specific pairs: V1-V4. V2-V5, V3-V6. When the blocks are interleaved pairs then the packets ordinarily contain three crystallographically distinct blocks, one made from each pair. When the blocks are single-variant the packets contain up to six distinct blocks so that each KS variant is represented.
The Structural Composition of Blocks and
Packets The microstructure that is described by Maki et al. [3] [4] [5] [6] [7] [8] can be understood from the elastic theory of phase transformations.
The energetic considerations that influence the choice of martensite variant can be developed as follows. 9, 10) The bcc structure is derived from the fcc by applying the "Bain strain" illustrated in Fig. 2 . The fcc structure is compressed by about 23 % along one cube axis and expanded by about 12 % along the perpendicular axes (depending on the volume change) to create bcc. Since there are three choices for the compression axis, the transformation produces three distinct "Bain variants".
Of course, a Bain strain that is imposed within the bulk of a fcc crystal would require a prohibitively high elastic energy. As has long been recognized, [11] [12] [13] that energy is lowered dramatically if the Bain strain is supplemented by a rotation and a small shear to bring the close-packed (011) plane of the bcc product into registry with one of the closepacked {111} planes of the fcc parent, and orient the plane so that low-index crystallographic directions in the plane are also aligned. If we choose the [110] g direction in the (111) g plane for illustration (Fig. 3) , there are three orientations of the (011) aЈ plane that produce low-energy configurations:
[ The first two of these, labeled K1X and K2X, are KS crystallographic relations. The two KS relations are twin-related in the plane, and have different compression axes, that is, they are different Bain variants. Using a right-handed system of crystal axes (x, y, z), the x-axis is compressed to obtain K1X from fcc while the y-axis is compressed to generate K2Y. The third low-energy match, NZ, creates a Nishiyama-Wasserman orientation relation. In this case the crystal is derived from fcc by compression along the z-axis and, hence, represents the third Bain variant.
Since there are three choices of the close-packed direction in the (111) fcc plane, the planar alignment (111) g ||(011) aЈ provides 6 distinct KS relations and 3 NW relations. These are listed in Table 1 , using a notation that emphasizes the Bain variant of each (a modification of the notation used in Ref. 9)). The Maki notation 6) is included for reference. There are, of course, 4 different ways to choose the {111} g plane that is aligned with (011) aЈ . It follows that there are a total of 24 distinct KS relations and 12 NW relations for the possible orientation of an aЈ crystal in a g parent.
In Table 1 we have used a variant notation that specifically identifies the Bain variant of each crystallographic orientation. This choice is useful for several reasons. Its utility for the discussion of elastic energy and microstructure becomes apparent when we exhibit the transformation strains that are required to produce the various variants. For pure iron, the transformation strains associated with the three variants in Eq. (1) are 9) ......... Transformation strains for the other variants listed in Table  1 can be obtained from these by symmetry. In particular, the transformation strain for the variant K2X is ......... (3) Note that the transformation strains are dominated by the diagonal Bain strain. Comparing Eqs. (2) and (3) makes it clear why the structure described by Maki et al. [4] [5] [6] [7] [8] tends to appear. In this picture, martensite blocks are composed of the two KS variants that share the same Bain axis. Comparing Eqs. (2) and (3), an equal mixture of these has a net transformation strain that is almost a simple tetragonal strain. Packets are composed of three such blocks, one for each Bain variant. When the three Bain variants are present in equal fractions, the net transformation strain is a simple dilation, the transformation strain that is most easily accommodated in a constrained polygranular matrix.
The Formation of Blocks of Dislocated Martensite
It is difficult to construct an elastic theory of dislocated martensite since it is difficult to predict the details of the dislocation structures. However, all plausible elastic models predict that "block" structures will form when the transformation occurs in a constrained medium. This point was developed in some detail in the cellular simulations done by Xu and Morris some years ago. 14, 15) The central features of the theory seem worth including here.
The elastic energy of an embedded coherent inclusion, such as a martensite lath growing in austenite, is expressed by the integral [13] [14] [15] . (6) where l l is the fourth-order tensor of elastic moduli, e e 0 is the "transformation strain" (the strain that would result if the transformation were unconstrained), s s 0 is the "transformation stress" required to reverse the transformation strain, (8) and BЈ(e) is the 'elastic relaxation function' for the direction, e.
Despite the complexity of the elastic energy relation, Eq. (4), several simple and useful results can be readily extracted from it. First, as is usually the case, let the elastic intensity, B(e), have a well-defined minimum for a particular direction, eϭn. In this case the elastic energy is minimized if the inclusion is an arbitrarily thin plate perpendicular to n, in which case the shape function becomes (11) and the elastic energy vanished when the inclusion is an arbitrarily thin plate lying normal to n or l. Equation (11) is the energetic justification for the "crystallographic theory" of martensite habits; however, it should be noted that Eq. (11) and, hence, the "crystallographic theory" is only strictly applicable when the plate is infinitely thin (i.e., when its aspect ratio approaches zero).
Equation (9) shows that an elastic inclusion, such as a martensite lath or plate, prefers to grow in the form of a thin plate with a definite habit. The inclusion will also tend to adjust its internal state so that the transformation strain is nearly dyadic, which it can do by twinning or by dislocating itself or its immediate environment. In fact, it must do so. It can be shown that the stress developed by the transformation strain of the most favorably oriented martensite lath 10) exceeds the ideal strength of iron, 16) so dislocations or twins would form spontaneously if they did not develop in the normal course of the transformation.
The evolution from thin plates to thick blocks of essentially identical martensite follows immediately if the transformation occurs in a constrained medium, such as a prior austenite grain. Each lath grows as a thin plate with relatively low elastic energy. Both surface energy and the interparticle elastic energy 14) favor the nucleation of parallel plates with the same variant as the growing plate, so similarly-oriented plates grow in parallel. In an infinite, unconstrained parent this process would continue indefinitely, since the growing martensite has zero aspect ratio whatever its thickness. However, when the transformation is constrained, for example, by the prior austenite grain boundary, the transformed volume becomes a block with finite thickness and non-zero aspect ratio. In this case the shape function, q(k), has finite values over a range of energetically unfavorable directions, eϭk/|k| near n, and the elastic energy increases according to Eq. (4). It is then energetically favorable to generate new blocks with different Bain variants to lower the overall elastic energy.
This process is illustrated in the computer simulation result in Fig. 4 , which shows the results of a simple cell-bycell martensitic transformation in a two-dimensional model that involves two Bain variants with no interfacial tension. 14) The transformation was initiated at a single site, and its subsequent path was chosen to minimize elastic energy. When the transforming volume in unconstrained (by periodic boundary conditions) the product is a single-variant martensite. However, when the volume is constrained by fixing its boundary, the product is a microstructural laminate of alternating blocks of the two available Bain variants.
It would appear to follow from these considerations that the block-and-packet microstructure of dislocated martensite is a natural consequence of the drive to minimize the elastic energy of the product of a shear transformation in a constrained volume. The blocks are differentiated by the Bain variants of the martensite laths they contain, and the packets tend to use all three Bain variants to eliminate the shape change so the transformation strain is a simple dilation. The blocks themselves tend to contain laths with both of the KS relations associated with the given Bain variant to minimize the off-diagonal components of the transformation strain.
The Effective Grain Size of Lath Martensitic Steel
The influence of grain size on the mechanical properties of steel is most commonly expressed in a series of constitutive equations that have the Hall-Petch form. Over the range of conventional grain sizes, the values of typical mechanical properties increase with the reciprocal root of the grain size. The classic Hall-Petch equation relates the yield strength to the grain size: (13) and an equation of the Hall-Petch form is also often useful for predicting the ductile-brittle transition temperature: The fatigue strength is often found to vary with grain size in the same way. The wide applicability of the generic Hall-Petch relation makes it one of the most important constitutive relations in Materials Science, and certainly the most common in mechanical metallurgy. However, its mechanistic origins and even its precise meaning are not entirely clear. For example, several mechanistically distinct models have been advanced to justify Eq. (1), each of which has at least a couple of variations. 17) Even given a particular theoretical model for the Hall-Petch relation, there are ambiguities in its content. Particularly in martensitic steels, the meaning of the grain size is unclear. In fact, different measures of the grain size govern different processes; in some cases grain refinement techniques that produce dramatic improvements in cleavage resistance have little or no effect on strength and may actually reduce toughness after environmental embrittlement. 18) The use of the mean as the measure of grain size is also difficult to justify, since yield and fracture ordinarily reflect the behavior of "weakest links" in the microstructure that should be associated with extremes in the distribution of grain size.
The Effective Grain Size and Strength
In the older work the effective grain size that governs the strength of a martensitic steel was most commonly taken to be the packet size, since this is a microstructural feature that can usually be measured with optical metallography. However, more recent work suggests that the block size is a more useful measure, and modern EBSD techniques have made its value reasonably accessible. For example, recent work by Morito and Obha 8) showed that the replacement of packet size by block size in the Hall-Petch relation of Fe-0.2C and Fe-0.2C-2Mn steels produced a much more consistent value of K y , and, in fact, a value that is reasonably close to that found in ferritic Fe-Mn 19) and in pure Fe, 20) where the grain size is more easily defined. (The fact that both the packet and block sizes both produce relations of the Hall-Petch form is due to the topological self-similarity of the microstructures used, a factor that also appears to explain why the mean grain size can be used as a measure of the relevant grain size.)
While it may seem obvious that the block size should be the effective grain size for the strength, since it provides the smallest significant crystallographic discontinuity, a closer examination shows that the role of the block boundary involves some subtlety, particularly when the blocks are used to subdivide a prior austenite grain that is much larger in size.
The first issue is topological. Crystallographically distinct blocks are different Bain variants of the parent austenite. Since there are only three of these, it is geometrically impossible to design a microstructure in which each block is surrounded by dissimilar neighbors. (The famous "fourcolor map theorem", for example, asserts that a two-dimensional map cannot be drawn with less than four colors without assigning the same color to contiguous nations or states.) It follows that the "effective grain size" of a lath martensitic steel is always some multiple of the block size. This factor affects the constant, K, rather than the exponent, d, in Eqs. (12)- (14) .
The second issue is physical, and concerns whether a block boundary is an effective barrier to the transmission of plastic deformation from grain to grain. 9) The problem, which is documented in Fig. 5 , is that while boundaries between Bain variants always produce discontinuities in the {100} planes that govern cleavage in bcc Fe, the Bain variants share common slip planes, such as the {110} planes, and, hence, may not effectively inhibit slip.
The experimental evidence on this issue is ambiguous and puzzling. For example, intercritical heat treatments have been used for decades to refine the effective block size in lath martensitic steels to lower the ductile-brittle transition. [21] [22] [23] ) These grain refinement treatments have very little effect on the yield strength. Moreover, the block boundaries themselves tend to lie along {110} planes that are common to the adjacent blocks, and are, hence, slip planes of both. This feature appears to explain the behavior observed by Ohmura et al. 24) in the in situ nanoindentation of martensite near a Bain variant boundary: the sample deformed by slip along the boundary, accomplished by the absorption of the dense distribution of dislocations created by the indenter. On the other hand, others 8) have found a strong Hall-Petch strengthening from block boundaries, comparable to that associated with high-angle boundaries generated by powder processing 20) or incoherent transformations. 19) A plausible explanation for this inconsistent behavior is found in the recent work of Ohmura and Tsuzaki, 25) who combined nano-and micro-indentation to compare the intragranular and polygranular hardnesses of martensitic steels. The results indicate a pronounced hardening effect of the block boundaries. However, this effect almost disappears when the material is tempered. Ohmura and Tsuzaki 25) conclude that strengthening by block or packet boundaries (i.e., by Bain variant boundaries) is largely due to boundary decoration by carbon or carbide films that are removed during tempering.
The Ohmura-Tsuzaki results may provide the key to understanding the superficially inconsistent influence of block size on strength. Decorated block boundaries in Fe-C martensites are as effective in strengthening as incoherent boundaries, while similar boundaries in low-carbon, gettered or tempered martensites have a much smaller effect on the strength.
The Effective Grain Size and Toughness
Refining the block size of a martensitic steel is always effective in increasing its resistance to transgranular cleavage fracture, since Bain variant boundaries are crystallographic discontinuities in the {100} cleavage planes. It follows that packet or block refinement is a very successful approach to lower the ductile-brittle transition of a steel whose ductile-brittle transition is governed by transgranular cleavage. The mechanisms involved are discussed in detail elsewhere, 17, 18, 26, 27) and useful methods for block refinement are well known. They include various themomechanical treatments, cyclic reversion treatments to refine the prior austenite grain size 28) and intercritical heat treatments that break up the block through a subsequent martensitic transformation 21, 22) or through mechanical transformation of precipitated austenite. [27] [28] [29] It is important to note, however, that block refinement is only effective in controlling the ductile-brittle transition when two conditions are satisfied. First, the brittle fracture mode must be transgranular cleavage, and block refinement must have a stronger effect on transgranular cleavage than it has on the strength. Thus, block refinement does not prevent brittle fracture in steels that break in an intergranular mode, including steels that have been embrittled or steels such as certain Fe-Mn alloys that have inherently weak boundaries.
30) It is, also, ordinarily ineffective in improving the "upper shelf " toughness of steels that fracture in a ductile mode. In fact, the increase in strength associated with grain refinement will ordinarily cause a decrease in toughness under these conditions.
Second, block refinement must have a stronger influence on cleavage resistance than it has on strength. The net decrease in the ductile-brittle transition is illustrated in the Yoffee diagram shown in Fig. 6 . 18) In the metallurgically It follows from Eqs. (15) and (16) that the smaller the Hall-Petch slope, K y , the more efficient grain refinement will be in lowering T B . From the results of Ohmura and Tsuzaki, 25) this requires block refinement methods that lead to clean, uncontaminated boundaries.
The Ductility of Ultrafine-Grained Steel
The final set of comments that will be offered in this paper concern the ductility of ultrafine-grained steel. It is well known that the tensile ductility decreases as the strength rises on grain refinement; data presented by Tsuji 31) specifically documents the loss of ductility on grain refinement. This behavior has had the consequence that, while thermomechanical processes have been developed to reach submicron grain size in conventional steels, these have so little elongation that they have very limited commercial interest.
The qualitative reason for this behavior is straightforward. The yield strength increases more rapidly than the ultimate strength as the grain size is refined, narrowing the yield ratio and decreasing ductility. Eventually, the yield strength exceeds the ultimate (that is, the material is plastically unstable as soon as it yields) and virtually all ductility is lost. Note, however, that even with this drawback grain refinement remains superior to other mechanisms of strengthening, such as work hardening; grain refinement does ordinarily lead to a monotonic increase in the ultimate tensile strength, s u with s y , while work hardening raises s y at essentially constant s u , causing a much more rapid loss in ductility.
To understand the loss of ductility on grain refinement it is necessary to understand how ultimate strength (that is, plastic instability) is affected by grain size. To my knowledge, there is no good, simple model to explain the Hall-Petch slope of the ultimate tensile strength (or even to predict that the Hall-Petch relation will be followed as well as it appears to be). However, at a slightly higher level of sophistication there are relatively transparent models that make this behavior more understandable. 32, 33) One good measure of the tensile ductility of a specimen is its uniform elongation, which terminates with the onset of necking (plastic instability) at the ultimate tensile strength. The ultimate tensile strength in a test on a cylindrical specimen is determined by the true stress, s, and the work hardening characteristic, qϭds/de, according to the Considere criterion: when the true stress, sϭs u , we have The work-hardening coefficient, q, is ordinarily a decreasing function of the strain. If the function, q(e), is assumed independent of the yield strength, s y , then the elongation decreases with increasing strength as illustrated in Fig. 7 .
Using a Kocks-Mecking relation 34) for work hardening and fitting to data for TCMP steel by Niikura et al. 35) leads to the behavior shown in Fig. 8 . 32) Figure 8(a) shows that the ultimate tensile strength (the engineering value, s u ) increases roughly according to a Hall-Petch relation of its own, but with a shallower slope, so that it intersects the yield strength at a grain size just below 1 mm. When this happens, the uniform elongation vanishes, as illustrated in Fig. 8(b) . Many researchers have recognized that this loss of ductility is best attacked by modifying the work hardening behavior of the steel, and "TRIP" and "dual-phase" modifications have been proposed to accomplish this. However, it is important to recognize that these techniques are most beneficial when their effect is not to increase the work hardening rate, as a superficial reading of Eq. (17) may suggest, but to decrease it. As Fig. 7 shows, the critical flaw in the typical work hardening behavior is not that it is too small when the flow stress is large, but that it is too large when the flow stress is small. The high initial rate of work hardening strengthens the material much more than is needed for plastic stability, and hastens the time when the work hardening can no longer match the strength.
Mathematically, the uniform elongation is given by and the engineering stress-strain curve is perfectly plastic, as illustrated in Fig. 9 . These considerations are particularly relevant to the use of TRIP (TRansformation Induced Plasticity) to improve tensile elongation. In this method the steel is processed so that a significant volume fraction of austenite is retained. When the steel is deformed in tension this austenite gradually transforms, with each element of transformation contributing a small increment of elongation via the martensitic transformation strain. As is apparent from the original literature on TRIP steels 36, 37) and as Bhadesia 38) has recently emphasized, the predominant effect of the transformation is not its stress-free elongation, but rather its effect on work hardening. The stress-free elongation is a softening mechanism that lowers the rate of work hardening. Moreover, the transformation, and, hence, the softening effect, is most pronounced in the early stages of deformation where softening is most useful.
The progress of the transformation in many TRIP steels is well represented by the Gerberich relation (22) where e is the engineering strain and m is a constant that varies with the alloy and the temperature. The influence of the coefficient, m, is shown in Fig. 10 , taken from Ref. 37 ).
The optimal value of m is near 1.0, which produces a very high elongation. The almost perfectly plastic stress-strain curve shows that the hardening rate is very close to Eq. (19) over the whole range. Note that when m is too small the early work hardening rate is too high and the alloy quickly becomes unstable, while if m is too large the transformation is exhausted rather quickly. For large and small values of m the elongation is relatively small; when mϳ1 the elongation reaches values that are far larger than those attainable by the transformation strain itself.
Conclusion
To understand and control the properties of martensitic steels it is necessary to understand the dislocated martensitic microstructure and its consequences. Recent research, particularly including EBSD studies, has clarified the complex microstructure and shown the importance of martensite blocks, which are subvolumes of packets made up of laths that are a common Bain variant of the parent austenite. The block-and-packet pattern of the microstructure can be understood on the basis of the elastic energy created by the martensitic transformation, as described above. The martensite block is, ordinarily, the effective grain size of the martensite for both strength and cleavage fracture. However, the role of the block in imparting strength is sensitive to the cleanliness of the block boundaries. To optimize strength carbon or other species should be present to inhibit the transmission of strain across grain boundaries. To minimize the ductile-brittle transition temperature the block boundaries should be clean to avoid excess grain boundary srtrengthening. Finally, when fine grain size produces high strength, it also causes a dramatic loss in tensile elongation. The uniform elongation can be improved by including mechanisms, such as TRIP, that lower the intial work hardening rate and raise the strain at which plastic instability intrudes.
